INTRODUCTION
============

The effectiveness of laser irradiation as a caries preventive treatment is closely related to the light interaction with some of the enamel compounds[@B10],[@B16],[@B19],[@B23]. As enamel composition in 85% by volume carbonated hydroxyapatite with 12% water and 3% protein and lipid by volume[@B14], the use of wavelengths that are highly absorbed by both water and hydroxyapatite is expected to generate thermal changes on enamel that may be able to chemically and/or morphologically alter its structure[@B06],[@B10]--[@B12],[@B15],[@B16].

Er,Cr:YSGG laser devices are relatively new and work at a wavelength of2.78 μm. Er,Cr:YSGG laser has been reported to ablate dental hard tissues with minimal injury to the pulp and surrounding tissues[@B09]; it can ablate enamel effectively due to its high absorption in water[@B22] and because it is also strongly absorbed by the hydroxyl radicals present in the hydroxyapatite structure[@B12],[@B16],[@B18]. It is supposed that, for caries prevention, Er,Cr:YSGG laser does not ablate the surface, but rather change the enamel chemically by enhancing its surface temperature.

Enamel chemical alterations occur gradually with the increase of temperature[@B12],[@B15]. When the surface temperature increases between 100 and 650°C, the main chemical changes that occur in the tooth are that the major CO~3~ component in the phosphate position decreases and the acid phosphate ions condense to form pyrophosphate ions. At 650-1,100°C, the main changes are thermal recrystallization and crystal size growth, and pyrophosphate react with apatite to form PO~4~ along with the formation of β-TCP. At temperatures \>1,100°C, the main change is that the β-TCP is converted to a-TCP and when the temperature reaches 1,430°C this compound changes into a high-temperature polymorph. Alpha and beta tri-calcium-phosphate (TCP) are potentially soluble in acid environments[@B12],[@B15].

Although sub-ablative energy densities have been suggested for caries preventive treatment, it is recommended that the irradiation be performed without water cooling[@B01],[@B20],[@B22]. There is still some debate in the literature regarding the parameters of irradiation and there are no reports on the temperature increase in the pulp chamber during enamel irradiation. According to Zach and Cohen[@B29] (1965), an intrapulpal temperature increase above 5.5°C can damage the pulpal tissue[@B26],[@B29]. The aim of the present study was to evaluate the temperature variation during enamel irradiation with Er,Cr:YSGG laser using different parameters for caries prevention.

MATERIALS AND METHODS
=====================

Ethical Aspects
---------------

The teeth used in this investigation were collected in conformity with the guidelines of the Ethics in Research Committee of the Dental School of the University of São Paulo (Process 182/03).

Study Design
------------

The surface treatment was performed under the following conditions: G1 (group 1) - Er,Cr:YSGG laser at 0.25 W, 20 Hz, 2.8 J/cm^2^; G2 (group 2) - Er,Cr:YSGG laser at 0.50 W, 20 Hz, 5.7 J/cm^2^; G3 (group 3) - Er,Cr:YSGG laser at 0.75 W, 20 Hz, 8.5 J/cm^2^. This study used 15 human enamel specimens (n=5) obtained from unerupted third molars. The temperature measurements (ΔT) were carried out for each specimen during the irradiation. [Figure 1](#f01){ref-type="fig"} illustrates the experimental design.

![Schematic diagram of the study design A and B. Third human molars were collected and had their crowns removed close to the cementoenamel junction and sectioned longitudinally. C. Fifteen 15 enamel blocks (3 x 3 mm) were obtained and further fixed individually on an acrylic device; D. Laser irradiation was carried out on the specimen of each experimental group and temperature variation (ΔT) measurements were performed during laser irradiation](1678-7757-jaos-16-02-0095-gf01){#f01}

Preparation of the enamel specimens
-----------------------------------

Fifteen freshly extracted, non-erupted third molars were collected and immediately stored in 0.1% thymol solution (pH 7.00) ([Figure 1A](#f01){ref-type="fig"}). The crowns were removed close to the cementoenamel junction and were longitudinally sectioned with double-face diamond disks (KG Sorensen, Barueri, SP, Brazil) used at a low speed handpiece (Kavo, Joinville, SC, Brazil). Fifteen enamel specimens of 3 x 3 x 3 mm were obtained ([Figures 1B](#f01){ref-type="fig"} and [1C](#f01){ref-type="fig"}). The total thickness of the specimens was 3 mm and the enamel and dentin thickness ranged from 0.6-0.9 mm and 2.1-2.4 mm, respectively. The specimens were examined under a stereomicroscope at x30 (EMZ-10, Meiji Techno, San Jose, CA, USA) and those with stains or cracks were discarded. After sectioning was completed, the enamel specimens were randomly assigned to the experimental groups ([Table 1](#t01){ref-type="table"}).

###### Experimental groups

  Group      Power (W)   Energy Density (J/cm^2^)   Repetition rate (Hz)
  ---------- ----------- -------------------------- ----------------------
  G1 (n=5)   0.25        2.8                        20
  G2 (n=5)   0.50        5.7                        20
  G3 (n=5)   0.75        8.5                        20

Laser Irradiation
-----------------

The enamel specimens were irradiated with Er,Cr:YSGG laser (Waterlase Millennium™, Biolase Technologies Inc., San Clemente, CA, USA) emitting photons at a wavelength of 2.78 μm. The output power of this equipment ranges from 0.25 to 6.0 W and the repetition rate is fixed on 20 Hz. Pulse duration ranges from 140 to 200 μs. The beam diameter at the focal area for the handpiece used with the S75 tip is 0.75 mm. The tip was positioned 1 mm from the enamel surface (focused mode), as shown in [Figure 1D](#f01){ref-type="fig"}. To ensure a consistent spot size, an endodontic file was fixed at the handpiece and the distance of 1 mm from the surface was kept during the irradiation. The energy density *per* pulse used for laser irradiation in each experimental group is shown in [Table 1](#t01){ref-type="table"}. The handpiece was positioned perpendicular to the enamel surface and the specimens were irradiated once in each direction, moving the handpiece slowly horizontally (10 s) and vertically (10 s), in order to promote homogeneous irradiation and to cover the entire specimen area. Irradiation was performed by hand, scanning the enamel surface with a uniform motion[@B03] both with air spray (30%) and without water cooling[@B01],[@B20],[@B22].

Temperature Measurements
------------------------

During laser irradiation, the variation on the intrapulpal temperature was measured for each specimen. For measurement of the temperature variation (ΔT), two thermocouples (MV100, Yokogawa Electric China Co., Ltd., Shanghai, China) were positioned under the enamel specimen, as shown in [Figure 1](#f01){ref-type="fig"}. In order to maximize the temperature transference between the two thermocouples and the inner specimen surface (dentin), the acrylic device was filled with a thermal conducting paste (Implastec, Votorantin, Brazil). The temperature was captured after each 2 s.

Statistical Analysis
--------------------

The mean values of temperature increase were taken for statistical analysis (α=0.05) and were submitted to ANOVA test using the SPSS 12.0 for Windows (SPSS Inc., Chicago, IL, USA).

RESULTS
=======

There was no statistically significant difference among the experimental groups (p=0.178). Temperature variation did not exceed 0.1°C for all tested parameter settings ([Table 2](#t02){ref-type="table"} and [Figure 2](#f02){ref-type="fig"}). The minimum and maximum temperatures measured were 0.025 and 0.1, respectively.

###### Results of one-way analysis of variance (α=5%) for comparison of the mean values of temperature variation recorded in the experimental groups

  Among the experimental groups Experimental Groups   F 1.799 Experimental Groups   Significance 0.178 Statistical Significance (p)
  --------------------------------------------------- ----------------------------- -------------------------------------------------
  1                                                   2                             0.211
                                                      3                             0.275
  2                                                   1                             0.211
                                                      3                             0.986
  3                                                   1                             0.275
                                                      2                             0.986

![Mean values for the temperature variation during enamel laser irradiation using caries preventive parameters](1678-7757-jaos-16-02-0095-gf02){#f02}

DISCUSSION
==========

The present study aimed to evaluate the temperature increase at the pulp chamber during enamel irradiation with Er,Cr:YSGG laser at sub-ablative parameters. These parameters have been reported in the literature to possibly induce enamel acid resistance[@B20],[@B27]. Therefore, it is important to verify the temperature variation at the inner dentin in order to avoid pulp damage.

It is well known that enamel acid resistance produced by high intensity laser is obtained with the increase of surface temperature. According to Fowler and Kuroda[@B15] (1986), the temperature necessary to achieve the photothermal effect and the enhancement of enamel acid resistance would be of approximately 100°C-650°C. Studies have shown that the energy density necessary to reach enamel acid resistance using Er,Cr:YSGG laser is approximately 8-13 J/cm^2^ [@B16]. These sub-ablative parameters[@B02],[@B03],[@B12],[@B16] are expected to decrease enamel solubility by promoting thermal decomposition of the more soluble carbonate hydroxyapatite into the less soluble hydroxyapatite with corresponding changes in the crystallinity[@B16].

According to Fried, et al.[@B16] (1996), Er:YSGG laser radiation, which is directly absorbed by the hydroxyl group of the carbonated hydroxyapatite mineral, will be more highly absorbed in the outer water-deficient layer of the enamel. This is based on the assumption that the outer few microns of the enamel contain a gradient in water content, with the water increasing with distance from the surface. Regarding the use of sub-ablative parameters, there will be no ejection of mineral (ablation) and the OH- present in the hydroxyapatite group will absorb the laser energy and change the chemical composition of the hard tissue. Moreover, Meister, et al.[@B25] (2006) have investigated the effect of the water contained in dental hard tissues (enamel and dentin) on the efficiency of ablation. The authors reported that only in dentin, and then only with irradiation with the Er:YAG laser, is the water contained in the tissue found to have a significant influence on the ablated volume. The water content in enamel and dentin has no effect on the efficiency of laser ablation in Er,Cr:YSGG laser-treated groups. In contrast, the externally supplied water always has a significant influence on the effectiveness of the ablation process. The present study did not consider the use of water cooling during laser irradiation, as previously mentioned. Therefore, enamel ablation during caries preventive treatment was not expected.

Even though sub-ablative parameters are used for caries preventive treatment, it is recommended to perform irradiation without water cooling. Although water cooling seems to be important to avoid the increase of temperature[@B28], the continued exposure of enamel to water during irradiation was reported to lead to enamel demineralization during an acid challenge[@B21]. This can be justified by the fact that water can absorb part of the energy delivered from the laser and lead to enamel ablation[@B28]. These areas can be more susceptible to demineralization after treatment. When performed with low energy densities and air cooling, as shown in this *in vitro* study, enamel irradiation can be performed safely without pulp tissue damage[@B21].

Zach and Cohen (1965)[@B29] have reported that temperature rises above 5.5°C are unacceptable because of the potential for loss of pulpal vitality. In the present study, temperature variation did not exceed 0.1°C in all tested irradiation parameters. One of the reasons for the low temperature increase is that Er,Cr:YSGG laser works at a wavelength of 2.78 μm, which is highly absorbed by the hydroxyl free radicals (OH-) present in hydroxiapatite[@B14]. Therefore, it can reach the enamel structure and be highly absorbed at the outer surface, increasing the temperature of enamel compounds and changing them chemically[@B14] without causing side effects to the surrounding tissues. Additionally, Er,Cr:YSGG laser works at a pulse mode, which means that the temperature increase at the enamel surface using correct parameters of irradiation is expected not to lead to pulp damage. The third hypothesis for the maintenance of temperature can be attributed to the thickness of the specimens used in this study (3 mm), which could have influenced the thermal conductivity through enamel and dentin[@B30], not allowing the energy to reach the pulp chamber.

Finally, it can be assumed that Er,Cr:YSGG laser irradiation at sub-ablative parameters can be considered for caries preventive treatment because it is not able to increase the intrapulpal temperature even without water cooling.

CONCLUSIONS
===========

Within the limits of this *in vitro* study it can be concluded that Er,Cr:YSGG laser irradiation at sub-ablative parameters for caries prevention led to an acceptable temperature increase in the pulp chamber without exceeding 0.1°C.
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